Integrated two-dimensional electrical resistivity imaging (ERI) and hydrochemical surveys were used to investigate the groundwater alluvial aquifer in Kuala Langat, Malaysia. The study in the Langat basin considered the thickness of the aquifer, the depth of the bedrock, the regions influenced by seawater intrusion, and the monitoring of water levels. The resistivity imaging results show that the upper layer consists of clay, while the second layer is an aquifer whose thickness varies mostly in the range of 10-30 m, and in some cases extends to 40 m. The bedrock depth varies from 30 to 65 m. The chemical analyses were carried out on groundwater samples from nine boreholes collected between 2008 and 2012. The analyses indicate that the total dissolved solids (TDS) exceed 1000 mg L -1 near the coastal area and are often less than 500 mg L -1 further inland. The ERI and hydrochemical analyses reveal that groundwater in the study area, especially towards the coast, is a mixture of brackish and fresh waters.
Introduction
The quality of water is as significant as its accessible quantity. The issue of groundwater contamination is great, particularly in developing countries, because of insufficient appropriate sanitary standards and piped water supply. This issue has become severe within the last few decades due to increasing industrialization, urbanization and agricultural activities that have caused acute deterioration in both surface water and groundwater quality (Singhal and Gupta 2010) . Recently the accessible water resources in the state of Selangor, Malaysia, have been under pressure because of growing demands from industry and domestic water consumption as well as the deterioration of water quality due to contamination. Groundwater quality has become a major problem due to increased water demand in the Langat basin.
The use of geophysical resistivity surveys for groundwater investigations has been examined in previous studies, such as the mapping of groundwater contamination by Barker (1999) , the study of the basement aquifer by Acworth (1987) , and the mapping of bedrock topography by Ritz et al. (1999) . Abdul Nassir et al. (2000) used resistivity imaging to delineate the groundwater aquifer boundaries between clay and sand layers as well as between layers of fresh and saline water. Lateral changes in resistivity were defined by resistivity profiling where steep dipping interfaces between two geological formations were correlated. Islami et al. (2011 Islami et al. ( , 2012 successfully used geoelectrical resistivity to map and monitor nitrate contamination. Resistivity soundings were used to determine the thickness and resistivity of different horizontal or low dipping subsurface layers, including the aquifer zone (Choudhury and Saha 2004) .
However, there are some serious limitations in such investigations because current technology is not capable of distinguishing between formations of similar resistivity, such as saline clay, saline sand and cases with low resistivity as a result of the water quality. Therefore, geophysical data should be interpreted with adequate control on surface and subsurface geology, information on which is accessible from boreholes. An integration of resistivity methods, borehole data and geochemical analysis helps to identify seawater intrusion in coastal aquifers (Ginsberg and Levanton 1976, Frohlich et al. 1994) . Electrical techniques have thus been applied as an option to investigate the saline water interface due to the obvious contrast in the bulk resistivity of sand saturated with fresh or saline water (Acworth and Dasey 2003) . Electrical resistivity imaging (ERI) has been used in many studies (Choudhury et al. 2001 , Kemna et al. 2002 , Kundu et al. 2002 , Wilson et al. 2006 , Koukadaki et al. 2007 , De Franco et al. 2009 ).
Sixty eight electrical resistivity profiles were carried out in the Kuala Langat belt of the Langat River (Fig. 1) to determine the resistivity variation from the surface down to a depth of around 60 m. The results from ERI application on the Langat basin are compared with data on groundwater quality and groundwater levels. The study aims to show the usefulness of integrated data obtained by the resistivity method and chemical analysis of groundwater samples for delineating regions affected by seawater intrusion. (2D) resistivity imaging was used to delineate the aquifer thickness and the bedrock depth. The results were validated by using hydrochemical analyses.
Geology
The geological setting of the Langat basin is the principal feature contributing to the sedimentary basin growth. Quaternary sediments, which consist of unconsolidated gravel, sand, silt and clay, of the Simpang Formation (Pleistocene), and the Gula and Beruas Formations (Holocene), constitute the main aquifer. The geological setting of the area was established through 15 drilled boreholes and from a detailed surface geological map of the area (Fig. 2) . Four main units are identified within the Quaternary sediments.
Layer 1 consists of very soft peaty soils of the Beruas Formation with a total thickness from about 1 to 5 m. Layer 2 is made up of soft clay soils including light/greenish-grey to grey marine silty clays of the Gula Formation. The thickness of Layer 2 increases from several metres in the northern part of the basin to more than 25 m near the seacoast. Furthermore, the thickness also increases towards the west side of the basin. Layer 3 consists of sandy and gravelly soils of the lower member of the Simpang Formation and is widely spread in the basin. The thickness of layer 3 varies considerably, ranging from several metres in the northern part of the basin to over 100 m at the seacoast. Although the sandy/ gravelly soil layers are grouped as a single unit, alternating clayey soil layers and sandy/gravelly soil layers are known as common features of Layer 3. Layer 4 constitutes the bedrock (Kenny Hill Formation), which is a monotonous sequence of embedded shale, mudstones and sandstones. Figure 3 shows the lithological cross-sections resulting from the information gained from 11 boreholes (BH; see Fig. 1 ). Borehole data indicate that the thickness of sand and gravel layers vary between 10 m and a maximum of 40 m. As indicated by BH 2, thin clay layers are interbedded in sand and gravel. According to the borehole data, the study area consists principally of interbedded sand and clay layers, which overlay the metasediment bedrock. The sand and gravel layers of BH 2, 11, 12 and 13 are deposited on this bedrock. The lithological cross-section based on data related to BH 6, BH 10 and BH 3 ( Fig. 3(a) ) refers to survey Line 1 (Fig. 1) . The layer consists of clay and peat layers overlying sands and gravels. Figure 3 (b) and (c) shows the lithological cross-sections of lines 2 and 3 comprised of BH 5, BH 11, BH 12 and BH 4, and BH 13, BH 2, BH 14 and BH 15, respectively. In general, the thickness of the clay, sand and gravel layers become greater towards the coast.
Climate and hydrogeology
Four seasons can be identified in the climate of Peninsular Malaysia, namely, the northeast monsoon, southwest monsoon and two shorter inter-monsoon seasons. The northeast monsoon occurs from early November to March and the southwest monsoon occurs from May to September (MMD 2013) .
Precipitation data are helpful in showing the spatial and seasonal precipitation variations within the Langat basin.
Precipitation gradually increases from the coast towards mountainous areas. The range of annual precipitation is from 1585 to 2729 mm from 2000 to 2012. Figure 4 shows average monthly precipitation from 2000 to 2012. The wet and dry seasons last, respectively, from July to December and from January to June (Fig. 4) . Always in the same period, the mean rainfall for the wet and dry seasons is 229.9 mm and 134.2 mm (per month), respectively.
As the relative humidity is very closely related to the surrounding temperature, its variation throughout the year is also minimal with an average value of 81%. Mean monthly relative humidity ranges from 77 to 85%. It varies from place to place within the study area and from month to month. The minimum range of mean relative humidity varies from 67% in February, to 79% in November. The maximum range of mean relative humidity is from 82% in June to 89% in November. It is observed that in Peninsular Malaysia, the lowest relative humidity occurs in January and February, while the highest relative humidity normally happens in November (MMD 2013) .
The mean annual temperature is roughly 27°C, varying in the range between 24 and 32°C from 2000 to 2012 (MMD 2013) . The highest and lowest temperatures are reached during noon and night with an average of 32°and 24°C, respectively.
The main aquifer, topped by peat materials and clay, is recognized as a confined aquifer. According to the JICA report (Mineral and Geosciences Department 2002) , the annual height of groundwater recharge of 108 mm (4.8% of the annual rainfall) is equivalent to a total of 139 million m 3 for the catchment basin area of 1281.1 km 2 . Groundwater is recharged from rainfall by (a) downward flow through the aquitard, (b) infiltration of water around the edges of bedrock outcrops where the aquitard is thin or absent, (c) flow from relatively more permeable bedrock, (d) infiltration from riverbeds in stretches where the river bottom is in contact with more permeable sandy horizons, and (e) infiltration from ponds and wetland areas where the upper aquifer and the aquitard have been removed and replaced by more permeable materials.
Electrical resistivity and porosity
The electrical resistivity of soils and rocks depends on ionic content of pore fluids: a reduction in resistivity can be observed when the ionic content of pore fluid increases. The first relationship between the electrical resistivity of a saturated soil ðρ Sat Þ and the electrical resistivity of its pore fluid ðρ w Þ was derived by Archie (1942) using the formula
where F is the formation factor, is porosity, and a and m are constants related to the type of soil or rock. Equation (1) shows the sensitivity of the electrical resistivity of saturated soils to porosity, pore fluid, and type of soil. For unconsolidated clay-free soil a = 1, and m usually refers to the cementation factor that ranges from 1.4 to 2.2 for clean sand and gravel (Abu-Hassanein et al. 1996 ). Archie's law is not valid (Keller and Frischknecht 1966) for rocks containing a significant percentage of clay. The presence of insulating organic compounds in pore water can result in a large increase in resistivity (Campanella and Weemees 1990) . Regarding equation (1), the electrical resistivity of sediment without clay is expressed by
where S n w is the degree of saturation, and n is a constant related to the soil or rock type. Clayey sands depict a complex behaviour. In the case of clayey sand, formation conductivity is generally larger due to added surface conditions because of the presence of ions in the double layer at the surface of clay particles (Patnode and Wyllie 1950, Waxman and Smits 1968) .
where F Ã t is the formation factor, B is the average mobility of the cations close to the grain surface, and Q v is the cation concentration per unit pore volume. This reflects Archie's first equation for Q v = 0 when there is no clay in the sediment.
Methodology
The data from resistivity surveys and chemical analyses of groundwater are used to delineate within the study area the extent of both the fresh groundwater and the seawater intrusion zones. Groundwater sampling was carried out in a network of nine of the 15 boreholes once a year from 2008 to 2012. However, a few samples are lacking from some wells. The direction of groundwater flow was obtained on the basis of groundwater level measurements carried out on the same net and in the same period twice a year, in March and October.
Geophysical investigation
Geophysical measurements using the resistivity method were carried out at selected profiles in the study area. In 2D electrical resistivity imaging, resistivity sounding and profiling are combined in a single process. This renders the variation of ground resistivity in the vertical and horizontal directions. In these series of measurements, the electrode spacing increased with each traverse. The measured values of the apparent resistivity of each vertical section were plotted under the centre of the electrode arrangement. The apparent resistivity values were contoured ('pseudo-section') in order to reflect the spatial resistivity variation in a cross-section. The method provides detailed lateral and vertical information along the profile, allowing the recognition of complex geological structures. The principal purpose of resistivity measurements was to assess the aquifer condition and the bedrock depth. The resistivity data acquisition system used in the ERI survey was the ABEM Terrameter SAS 4000 system, together with a relay switching unit, four 100-m multi-conductor cables and stainless steel electrodes used for the 2D ERI survey. A Wenner electrode array was used for field surveys with lengths ranging from 300 to 400 m (depending on the space available in the field) with an electrode space of 5 m in order to achieve good vertical resolution as well as clear images for groundwater and sand-clay boundaries as horizontal structures. Some ERI as well as boreholes drilled in the study area were measured to calibrate and correlate ERI model parameters of interpreted geoelectrical data including layer resistivity and thickness, along with geologic information which consists of lithology and thickness. Resistivity surveys were conducted through 68 profiling stations along and perpendicular to the Langat River. The locations of ERI stations are shown in Fig. 1 . An interpretation of resistivity values was carried out through a topographic inversion scheme using RES2DINV software (Loke and Barker 1996, Loke 2007 ). The information from interpretation of ERI (resistivity and thickness of layers) was compared with stratigraphic information from boreholes (lithology and thickness of layers).
Groundwater quality and level measurements
Groundwater quality assessment was an essential step in defining the spatial and temporal variations in water quality and in explaining resistivity profiling data. One groundwater sample was collected once a year during wet seasons from 2008 to 2012 from nine of the 15 boreholes (Fig. 1) . Groundwater was sampled only after a long period of purging to remove stagnant water. The parameters such as pH, electrical conductivity, total dissolved solids and temperature were determined in the field. For preservation, water samples were filtered and kept in plastic bottles at 4ºC until chemical analysis (IC and ICP) was performed to determine the ion content. Groundwater level measurements were carried out in March and October and the groundwater flow direction was determined.
6 Results and discussion
Geoelectrical survey
A maximum depth of 65 m was considered for resistivity surveys. The ERI surveys consist of measurements along several profiles located along and in a perpendicular direction to the Langat River (Fig. 1) . The inversion method generated low RMS errors (the mean RMS error for 68 resistivity models is estimated at < 4%) between measured and predicted data, confirming the reliability of data quality and model.
Resistivity survey lines 1, 2 and 3 run from east to west of the study area along the Langat River (Fig. 1) . Total lengths of 12, 15 and 14 were recorded for lines 1, 2 and 3, respectively. Figure 5 (a) shows the typical inverse resistivity model of Line 1. Based on the lithological section derived from borehole data shown in Fig. 3(a) , resistivity is in the range 6-22.7 Ωm, showing good correspondence with the surface clay layer. This layer, with a thickness up to 10 m, corresponds to soft clay as shown by the lithological log of BH 3. This clay layer is underlain by a layer of higher resistivity (between 22.7 and 85 Ωm) located at a depth of between 10 and 35 m from the top of the layer. Based on borehole information, this second layer corresponds to sand and is the water-bearing zone (aquifer), while zones of more than 85 Ωm correspond to the bedrock surface which is at a depth of 35 m. According to Singhal and Gupta's (2010) classification, aquifer prospects as related to resistivity of layered regolith are given in Table 1 . The boundary between fresh and brackish groundwater zones is measured at 20 Ωm. Resistivity values of higher and lower than 20 Ωm are estimated to be fresh and saline water zones, respectively. Consequently, Line 1 consists of fresh and brackish groundwater zones, where the upper part of the profile is a brackish layer. This brackish layer (6-14.7 Ωm) is thicker towards the coast (Fig. 5(a) ). The depth of the bedrock and saline water layer increases towards the seacoast. Low resistivity values may correspond to clay, saline sand, gravel or highly fractured rocks in an area. In contrast, high resistivity values can correspond to low porosity rocks in a relatively clean zone or fresh waterbearing sands (Singhal and Gupta 2010) . The typical resistivity model of Line 2 is shown in Fig. 5(b) . The stratigraphy of geoelectrical formations in this line has similarities with Line 1. Regarding the data obtained from BH 4 to the east of the study area, the thickness of the clay layer is around 5 m, which is clearly shown by a resistivity pseudosection from 6.10 to 22.7 Ωm in Fig. 5(b) . The region between 22.7 and 85 Ωm is considered to be the aquifer. The thickness of the clay and sand layers increase towards the east in BH 11, reaching 22.1 and 59.4 m respectively. Noticeable features of a high-resistivity zone within clay layers are compared in Figs 5(b) and 6(a). Figure 6 (a) presents the pseudo-section of Line 2 which is located in the west of the study area. These zones are probably due to sandy material deposited within the clay. Brackish water corresponds to areas with low resistivity values due to high TDS values (Fig. 7) . A typical resistivity model of Line 3, which is the nearest profile to BH 2, is shown in Fig. 6(b) . Using the data obtained from BH 2 as a reference, boundaries between the Kenny Hill Formation (bedrock), Simpang Formation (aquifer) and clay are identified. Moreover, the depth of the bedrock is approximately 65 m below ground level (b.g.l.). The bedrock resistivity value of about 28.2 Ωm is found to match resistivity values with approximate depths. The blue region with a resistivity lower than 4.2 Ωm is considered the clay layer. In the section model, regions with a depth of 0-21.5 m b.g.l. correspond to this layer. The aquifer (Simpang Formation) is the second layer and it is identified by a resistivity of between of 4.2 and 28.2 Ωm. Furthermore, thin embedded clay layers were found in sand and gravel layers. According to the information gained from boreholes, the zones of the aquifer saturated with brackish water are recognized by low resistivity values (around the 10 Ωm). The Simpang Formation, consisting of sand and gravel saturated with groundwater, shows moderate resistivity values and defines the main aquifer within the research area.
A simplified 3D resistivity model was prepared as a sequence of 2D sections to show the shape and distribution of the resistivity of the aquifer. Figure 7 shows seven resistivity maps at depths from 0 (surface) to 60 m b.g.l., which were obtained by an ordinary kriging method with Surfer software. At a depth of 60 m, the resistivity slices show the regular and closed geometry of the basin floor along the Langat River. The resistivity and lithological logs indicate that zones with low resistivity (at least 10 m thick) include clay and silt layers. It is noticeable that the shallow subsurface in the area close to the coast in the western part delineates low resistivity values of between 5 and 15 Ωm, confirmed by the high chloride content of groundwater, typical of salt water of marine origin. The higher the values of groundwater TDS in an aquifer, the lower the resistivity. The resistivity distribution pattern that corresponds to the aquifer indicates the presence of widespread saline and brackish zones. These zones are limited to depths of between 30 and 50 m b.g.l. Groundwater TDS of more than 10 000 mg L -1 has been found in the fine sand aquifer in BH 5, the closer to the coast. According to the interpretation of profile data ( Fig. 6(a) and (b) ) near BH 5, areas of the aquifer with resistivity values of less than 15 Ωm should be avoided for groundwater development. In contrast, high resistivity values indicate the existence of a suitable water-bearing zone consisting of a coarse-grained sand formation with low-TDS water.
Groundwater level
Measurements of groundwater level in the Langat basin were carried out in 15 boreholes twice a year from 2008 to 2012. In general, the field surveys were planned to correspond to the dry and rainy seasons, namely October and March.
Groundwater-level contours were prepared for October from 2008 to 2012 (Fig. 8) . The water level during the study period varied from a minimum of 3.45 m a.s.l. in Well 6 (2012) to a maximum of 9.42 m a.s.l. in Well 7 (2008). The main flow directions in the study area were from northeast towards southwest, and from south to north.
In the centre of the study area, water levels in some monitoring wells may not be closely related to natural variation. This is observed for wells placed close to the Mega Steel Company, which overexploits the aquifer. The actual volume extracted by the company is questionable. However, groundwater pumping records show that a mean of 0.27 m 3 s -1 was extracted from some wells in the past (Minerals and Geosciences Department 2002).
Hydrochemical investigations
Groundwater samples were collected from nine wells in the study area once a year from 2008 to 2012 in order to interpret integrated data and investigate the spatial-temporal variations in groundwater quality. The concentration of major constituents (in mg L -1 ) and the values of main parameters are listed in Table 2 . Total ions measurement accuracy was evaluated by computing the ion balance error, which was within ±10% ( Table 2) . The groundwater quality analyses based on TDS and major ion contents identified that the groundwater salinity changes generally from fresh to saline going from north east toward the coast. Groundwater from BH 5, located roughly 11 km from the coastline, indicates TDS values are always high in the monitoring period, between 936 in 2008 and 10976 mg L -1 in 2010 (EC concurrently varies from 1620 to 22 800 µS cm -1 ). The high conductivity value is higher than the limit for the saline water baseline (Rhoades 1982) . Obviously, this borehole also shows the highest value of chloride of 6118 mg L -1 . Fresh groundwater with a TDS value of less than 1000 mg L -1 was found in boreholes 3, 4 and 7. Related chloride content is in the range 5-200 mg L -1 , while the EC ranged from 71 to 555 µS cm -1 . As shown by TDS contour map (Fig. 9) , TDS roughly increased in the southwest and west of the Langat River in 2010 and 2012.
Chemical features of samples of 2012 are shown in the trilinear Piper diagram (Fig. 10) . The general trends in aquifer chemistry are indicated by the arrows; Na + K are generally the dominant cations. Samples 3, 7 and 8 instead show Mg and Ca dominance. Groundwater sample distribution from the aquifer in the Piper diagram presents the dominance of HCO 3 + Cl in these samples. Most of the samples belong to the NaCl facies, which identifies both saline and fresh waters; this indicates that ionic exchange is acting in the aquifer.
A comparison of the results of the resistivity model with those of the chemical analyses indicates that, when resistivity ranges from 80 to 150 Ωm, the concerned zones contain fresh groundwater with chloride concentrations of about 50 mg L -1 , EC of 500 µS cm -1 and TDS of less than 1000 mg L -1 . In contrast, a resistivity of less than 20 Ωm characterizes groundwater with chloride concentrations higher than 100 mg L -1 , 700 µS cm -1 of EC and 1000 mg L -1 of TDS, which can be considered an effect of seawater intrusion.
The pH values of groundwater ranged from 8.4 to 9, indicating its alkaline nature, the pH values increased in the monitoring period.
Conclusion
In the present research, two-dimensional electrical resistivity measurements (a cost-effective method for hydrogeological delineation), borehole stratigraphy, chemical analyses of groundwater samples and water level monitoring were used to assess, in the zone of Kuala Langat, the 3D distribution of resistivity, the sequence of subsurface geological formations and the aquifer geometry of the zones affected by seawater intrusion and the direction of groundwater flow.
The aim of the investigation was to provide some preliminary understanding of the groundwater system of Langat basin in order to have a better plan for managing the related groundwater. The present research is essentially an investigation on shallow subsurface in which a Turbidity is in Nephelometric Turbidity Units (NTU). maximum investigation depth of 70 m below the surface was reached for 2D imaging. The survey allowed the definition of the imaging of bedrock and aquiferous sand and gravel zones located below the clay layer. According to 2D resistivity imaging results, the mean aquifer thickness ranges from 10 to 30 m (but it reaches as much as 40 m), while the bedrock depth is between 30 and 65 m b.g.l. The comparison between interpretations of electrical resistivity imaging and borehole data proves the results to be reliable. Furthermore, the inverted resistivity model shows low resistivity values in the west of the study area situated close to costal area, due to seawater intrusion. In this research, concentration values of TDS and chloride are found to be very high in the west of the study area, which is close to the coastal area, indicating that the aquifer has good communication with the sea. The groundwater zones with potable waters occur away from the coastal area. The results of this study show that electrical resistivity investigation is a viable tool, which provides new opportunities for groundwater investigation in the area. Table 2 .
